Knowledge of fish reproduction is of high relevance to basic fish biology and comparative evolution. Furthermore, fish are excellent biomedical models, and the impact of aquaculture on worldwide food production is steadily increasing. Consequently, research on fish reproduction and the potential modes of its manipulation has become more and more important. Reproduction in fish is regulated by the integration of endogenous neuroendocrine (gonadotropins), endocrine, and autocrine/ paracrine signals with exogenous (environmental) factors. The main endocrine regulators of gonadal sex differentiation and function are steroid hormones. However, recent studies suggest that other hormones are also involved. Most prominent among these hormones are the insulin-like growth factors (Igfs), i.e., Igf1, Igf2, and, most recently, Igf3. Thus, the present review deals with the expression patterns and potential physiological functions of Igf1 and Igf2 in male and female gonads. It further considers the potential involvement of growth hormone (Gh) and balances the reasons for endocrine vs. autocrine/paracrine action of the Igfs on the gonads of fish. Finally, this review discusses the early and late development of gonadal Igf1 and Igf2 and whether they are targets of endocrine-disrupting compounds. Future topics for novel research investigation on Igfs and fish reproduction are presented.
INTRODUCTION
In spite of its great diversity [1] , fish reproduction is generally regulated by the integration of endogenous neuroendocrine, endocrine, and autocrine/paracrine signals with environmental factors [2, 3] , such as food availability, temperature, and season. At the gonad level, spermatogenesis and oogenesis are tightly regulated by stage-and cell-specific interactions of various hormones. In fish, as in other vertebrates, the main endocrine regulators of gonadal sex differentiation are steroid hormones [4, 5] . The emerging, stillundifferentiated gonad anlage already has the capability to produce gender-specific steroids. However, the sex steroids most likely are not the only factors involved, because they seem to interact with other hormones in sex differentiation and reproduction [5] . Sexual differentiation occurs along with cell proliferation and tissue growth [4] , suggesting that factors, particularly insulin-like growth factors (Igf1, Igf2), which exert numerous essential functions in fish [6] [7] [8] [9] , may also take part in fish gonadal development. Numerous studies suggest that at least Igf1 is substantially involved in the regulation of growth, differentiation, and reproduction by selectively promoting mitogenesis and differentiation and inhibiting apoptosis [7, 8, 10] . Igf1 and Igf2 are mainly produced in the liver, which is the principal source of endocrine Igfs. The primary stimulus for the synthesis of liver Igfs and their release into the circulation is growth hormone (Gh) from the anterior pituitary (Fig. 1) . However, both Igfs are also expressed in parenchymal cells of numerous extrahepatic sites where they are thought to act in a paracrine or autocrine manner. Among these organs are the gonads (Fig. 1 ). Most recently, the potential presence of a third form of Igf encoded by a separate gene has been reported for tilapia and zebrafish [11] . The presence of this novel Igf, called Igf3, appears to be limited to fish. The expression of igf3 mRNA was reported to be gonad specific and restricted to somatic and granulosa cells in the ovary and to interstitial cells in the testis. Unquestionably, further studies are needed to investigate Igf3 and its potential functional significance.
In general [8] and as reflected in the present review, most results have been presented on Igf1, whereas Igf2 has rarely been investigated. Thus, an important topic to be dealt with is Igf2 in the gonads of different fish species.
MALE GONAD
igf1 mRNA and/or peptide have been shown to occur in rainbow trout, tilapia, and sea bass spermatogonia, spermatocytes, Sertoli, and Leydig cells [12] [13] [14] [15] , suggesting autocrine/ paracrine functions of Igf1. In agreement with this hypothesis, the Igf type 1 Igf receptor (Igf1r) has been identified in spermatogonia and primary spermatocytes of rainbow trout [12] and gilthead seabream [16] testis. No results have yet been presented on the cellular sources of igf2 mRNA in testes, though its presence has been shown by PCR in carp [17] and tilapia [18] . For Igf1, there is some indication of a physiological role. In cultured Japanese eel and tilapia testes, Igf1 stimulated spermatogenesis induced by 11-ketotestosterone (11-KT) [19, 20] . Furthermore, Igf1 stimulated the incorporation of thymidine into spermatogonia and primary spermatocytes from cultured spermatogenic rainbow trout testis [21, 22] . Based on these data, Igf1 could serve as a local regulator of fish spermatogenesis, in part interacting with the major androgen 11-KT; however, more information on Igfs and the testis, particularly Sertoli cells, is necessary.
FEMALE GONAD
Igf1 peptide and/or mRNA have been localized in granulosa cells from the onset of their development in red seabream [23] , gilthead seabream [16] , and tilapia [14, 24] . In tilapia, these have also been localized in theca cells around oocytes at the yolk globule stages and mature oocytes [14, 24] . Both in gilthead seabream and tilapia, igf1 mRNA was further detected in young and previtellogenic oocytes [14, 16, 24] . In tilapia, igf1 mRNA was observed infrequently in oocytes (about 1 out of 100) at later stages of development [14] . Thus, it has been suggested that the intraovarian Igf1 production seems to switch from young oocytes to the surrounding follicle cells during development [24] . In later oocytes, however, often Igf1 peptide was present [14] that might have been delivered by the surrounding granulosa cells. However, another possibility also applies: in unfertilized eggs of rainbow trout and seabream, faint igf1 mRNA signals have been observed [25, 26] , whereas no igf1 mRNA was detected in unfertilized eggs of rabbitfish [27] . Thus, mature oocytes may transiently produce Igf1 and store the hormone for later use. In contrast to igf1, both igf2 mRNA and peptide were found only in granulosa cells of the late follicle stages of tilapia [24] . In summary, it can be stated that a distinctly distributed local IGF hormone system is present in fish ovary.
Several studies suggest a particular physiological role for the Igfs in the fish ovary. Igf1 and/or Igf2 stimulated thymidine incorporation in goldfish vitellogenic follicles [28] and promoted oocyte maturation in red seabream [29] , mummichog [30] , and shortfinned eel [31] . In rainbow trout ovaries in vitro, there was no significant change in the igf1 mRNA levels during acquisition of follicular maturational competence (FMC); however, the igf2 mRNA levels were significantly higher in females exhibiting high FMC [32] , which would indicate a particular functional impact of Igf2 in folliculogenesis. This is in line with the observation that, in mummichog, Igf2 induced germinal vesicle migration and breakdown (GVBD), a marker for resumption of meiosis [30] . In mummichog, the stimulating effect of Igf1 on oocyte maturation was even more rapid and effective than that of 17a, 20b-dihydroxy-4-pregnen-3-one, the major maturation-inducing steroid hormone (MIH) that is synthesized by the interaction of the theca and granulosa cell layer [30] . In sterlet, previtellogenic follicles exhibited higher igf1 and igf1r mRNA levels in maturing females than in agematched nonmaturing females, and females entering vitellogenesis showed an increase in ovarian igf1 and igf1r mRNA [33] . Furthermore, the Igf1r was present in granulosa and theca cells of coho salmon [34] and in gilthead seabream [16] and sterlet [33] previtellogenic oocytes, thus emphasizing the importance of local Igf1. The density of gap junctions between granulosa cells and between granulosa cells and oocyteswhich are both rare in incompetent follicles-was markedly increased by Igf1 in red seabream [35] . Igf1 in vivo and in vitro increased GVBD in oocytes of red seabream [29] , common carp [36] , and catfish [37] . Studies of follicle maturation in different bass species revealed that both Igf1 and Igf2 can induce meiotic resumption, as indicated by GVBD, and can enhance oocyte maturational competence (OMC) and respond to MIH. However, some differences occurred among these closely related species. The Igfs induced GVBD but not OMC in striped bass, but OMC and not GVBD in white bass and white perch, which could be accounted for by the different spawning behaviors of the species investigated [38, 39] . Furthermore, in cultured previtellogenetic oocytes from the shortfinned eel, treatment with Igf1 resulted in increased oocyte diameters [31] . Therefore, Igf1 and, most likely, Igf2 seem to promote proliferation of follicular cells and oocyte maturation. 
Igf1 AND Igf2 IN FISH REPRODUCTION
Although in mummichog Igf1 was reported not to exert any effect on ovarian follicle steroidogenesis [30] , other studies in different species of fish indicate common and disparate actions of Igf1 on the ovarian steroid system. In white perch, Igf1 increased testosterone and 17b-estradiol (E2) production by ovarian fragments but decreased production of MIH [39] . In coho salmon, Igf1 inhibited steroid production (testosterone, 17a-hydroxyprogesterone) by the theca cells and stimulated steroid production (E2, MIH) by the granulosa cells in the preovulatory ovary [34] . Furthermore, Igf1 increased the concentration of E2 and MIH and decreased testosterone levels in the culture medium of ovarian fragments in striped bass [40] . Similarly, Igf1 stimulated both aromatase activity (i.e., the conversion of testosterone to E2) and the P450 aromatase gene expression in ovarian follicles of red seabream and likely increased the responsiveness to luteinizing hormone (Lh) of E2 production through an increase in Lh receptor gene expression [41] . In rainbow trout theca layers, Igf1 suppresssed the stimulatory effects of Lh on steroid production by inhibiting the activity of the cAMP-dependent protein kinase, which was likely mediated by the mitogen-activated protein kinase signaling pathway [42] .
Thus, Igf1 seems to exert different proliferative and growthpromoting effects before and after GVBD and seems to be highly involved in ovarian steroidogenesis. These interactions may constitute the basis for the effects of Igf1 on oocyte maturation. Future and more detailed studies on species from different families of fishes are needed to shed a brighter light on the role of the Igfs in these processes, especially on the potential interaction of Igf with ovarian Lh or follicle stimulating hormone (Fsh) receptors.
IS Gh INVOLVED IN THE EXPRESSION OF GONADAL Igfs?
One may assume that the entire Gh/Igf1 axis ( Fig. 1) is involved in these processes. The growth hormone receptor (Ghr) has been reported to be distinctly located in the ovary: in Nile tilapia high amounts of Ghr occurred in immature oocytes as well as in granulosa and theca cells around the vitellogenic oocytes [43] . Furthermore, immature oocytes contained more ghr mRNA than mature oocytes. Since Ghr is colocated with igf1 mRNA [14, 24] , Gh could directly influence ovarian Igf1 synthesis. In the Nile tilapia, a detailed analysis of both Ghrs, Ghr1 and Ghr2, has been performed. This revealed that the mRNA levels of both ghrs in ovary were higher at the sexually mature stage, whereas in testis they were higher at the sexually recrudescent stage [44] . Similarly, in trout testis, the presence of Gh receptors has been reported [12] , and in vivo application of Gh or pituitary extracts to testis resulted in about 8-fold and 2-to 3-fold increases in both igf1 and Igf1 mRNA levels, respectively [12, 45, 46] . This is similar to life-long Gh overexpression in transgenic tilapia, which resulted in elevation of both igf1 and Igf2 mRNA in testis [47] . Also in rainbow trout, not only Igf1 but also Gh promoted the incorporation of thymidine into sperm cells in cultured spermatogenetic testis [21, 22] . These observations may suggest that the whole Gh/ gonad Igf1 axis is involved in reproduction.
However, the experimental evidence presented is conflicting. In shortfinned eel, though treatment of cultured previtellogenetic ovaries with Igf1 resulted in increased oocyte diameters, Gh exerted no such effects [31] . In seabream, Gh treatment induced a significant increase of Igf1 expression in the prereproductive ovary [48] . More wide-ranging parameters of ovary, however, have been reported to be stimulated by Gh. The binding capacity of Gh to ovarian receptors was low in immature rainbow trout, increased through the early vitellogenetic stage, and reached its maximum in oocyte growth and final maturation [49] . Correspondingly, Gh injections in Asian catfish stimulated not only body growth but also ovarian growth depending on the time of its administration over the day/night period during the early recrudescence phase, but not during the late quiescence phase. Also dependent on the daily time of injection and the developmental stage of the ovary, Gh injections increased plasma levels of testosterone and E2 in a dose-dependent manner [50] . The Gh effects obtained by the different experimental settings under physiological conditions may well, at least in part, be mediated via Igf1, because an increase in ovarian igf1 mRNA after Gh application was observed in rainbow trout [46] , and Gh treatment of the prereproductive ovary of sea bream induced a significant increase of Igf1 expression [48] . However, apart from these few studies no results are available on the important matter of the Gh/Igf1 axis.
ENDOCRINE VS. AUTOCRINE/PARACRINE Igf1
The in vitro and in vivo effects of Igf1 on spermatogenesis, as well as on follicle and oocyte maturation and ovarian steroid synthesis under physiological conditions, may well be exerted by circulating (liver-derived) Igf1. In maturing chum salmon, the Igf1 plasma levels were positively correlated with pituitary Fsh content and the 11-KT and E2 plasma levels [51] , suggesting an influence of endocrine Igf1 in steroid synthesis of both sexes. For the male gonad, levels of plasma Igf1 increased from July to September in Chinook salmon, which coincided with a significant decrease in the proportion of primary A spermatogonia in the testes, suggesting endocrine Igf1 plays a role in spermatogenesis [52] . A significant increase in plasma Igf1 levels was observed in spermiating males. For the ovary, participation of endocrine Igf1 was indicated in a study of yearling coho salmon [53] . From fall to spring, body growth was strongly related to oocyte development, and plasma Igf1, E2, and pituitary Fsh were positively related. During the period of lipid accumulation by the oocytes in spring, these parameters increased, as did the ovarian mRNAs for gonadotropin receptors and the igf1r. Thus, this study suggests a physiological role for endocrine Igf1 in ovary development.
However, granulosa cells may potentially exert their effects in an autocrine/paracrine manner. In different species of fishes, these cells have been shown to express Igf1 [14, 16, 23, 24] . The assumed autocrine/paracrine roles of Igf1 in fish ovary are supported by a developmental study on sterlet. In the sterlet ovary, igf1r mRNA expression increased at the onset of vitellogenesis, decreased towards the first winter, and increased again at late vitellogenesis in the second winter just prior to spawning. Ovarian igf1 mRNA increased in a constant manner over the experimental period [33] . The observed very early and changing appearance of Igf1 in distinct cell populations of the male and female tilapia gonad also seems to argue for the importance of local Igf1 [14] .
EARLY GONAD DEVELOPMENT
Recently it has been shown that in tilapia Igf1 appears very early and is distinctly distributed in the gonads [14] , suggesting a high impact of local Igf1 in the development of both male and female fish gonads. igf1 mRNA and peptide appeared in somatic cells in the early gonad anlage of males and females from 7 to 9 days postfertilization (DPF). At this stage, the gonad anlage is still undifferentiated; therefore, Igf1 in the somatic cells may be of crucial importance to further gonad 658 development and differentiation. The very early expression of Igf1 in somatic cells may well be stimulated by Gh. In rainbow trout [54] , Gh was expressed immediately after hatching, prior to the formation of the pituitary gland, indicating the expression of Gh in extrapituitary sites during early development [54, 55] , which likely contrasts with the situation in adult tilapia [56] .
In male and female tilapia primordial germ cells (PGCs), however, only Igf1 peptide was detected at 7 DPF. igf1 mRNA appeared as late as at 29 DPF in females and at 51 DPF in males [14] . Thus, most likely the PGCs themselves do not produce Igf1 during the first weeks of development, and it has been assumed that Igf1 may originate from somatic cells and is then transferred to the PGCs or may be of maternal origin [14] . These ideas, however, must be challenged by future studies. A recent study using knockdown of the type-1 Igf receptor by morpholino oligonucleotides in the zebrafish embryo, which possesses two functional copies of the receptor gene, i.e., igf1ra and igf1rb, demonstrated the high functional impact of Igf1 in gonad development. The study demonstrated that the inhibition of Igf signaling via the igf1rb leads to mismigration and apoptosis of PGCs [57] .
Both igf1 mRNA and peptide were detected at 29 DPF in female germ cells but not before 51-53 DPF in male germ cells. In this species of tilapia, the first meioses in the ovary occur around 28 DPF and in the testes around 52-53 DPF. Based on these results it has been proposed that the appearance of Igf1 in the germ cells may be linked to the onset of meiosis and, thus, Igf1 may be involved in proliferation [14] . This hypothesis is supported by a recent study on the stage-specific expression of several genes in sea bass testis [15] that showed the exclusive expression of the igf1 gene in spermatogoniacontaining cysts, also suggesting effects of Igf1 during the proliferative stage.
HYPOPHYSEAL-GONADAL (HPG) AXIS
Recently, morphological evidence has been presented that Igf1 may interact with Fsh and Lh not only at the gonadal but also at the pituitary (Fig. 1) level [58] . The development of igf1 gene expression in tilapia pituitary [59] supports this hypothesis. igf1 mRNA appeared in the GTH regions of the female and male pituitary, with the onset of meiosis in the gonadal germ cells. The number of gonadotrophic cells containing igf1 mRNA peaked during puberty, declined in later life, but was transiently increased during reproductive phases. Furthermore, in a normal population of tilapia, the pituitary of dominant males showed quite a few igf1 mRNAcontaining cells in the Lh region but high numbers of Lh immunoreactive cells, whereas the subordinate males exhibited the opposite pattern [60] . In primary cultured eel pituitary cells, Igf1 increased Lh cell content and release in a dose-and timedependent manner [61] . Because in blue gourami the Lh content was higher in the pituitary of sexually active male than in that of inactive males [62] , the results point to a role of Igf1 in the fish pituitary in sexual behavior and competition [60] . They can be correlated to findings on Igf1 development in the pituitary [59] that suggest that Igf1 may promote puberty and reproduction at the pituitary level by increasing the number of Lh cells. This effect may be not necessary in dominant males, which have high numbers of Lh cells, but essential for subordinate males, which need to enhance the number of Lh cells to compete.
Thus, the first studies on the interaction between Igf1 and the HPG axis should be expanded in the future to other species and should utilize an in vitro approach with gonadotrophs to determine the precise physiological role(s).
ENDOCRINE DISRUPTION
Igf1 in the gonads of fish seems to be a target of endocrinedisrupting compounds, particularly estrogen mimics. The exposure of tilapia during early development (10-100 DPF) to environmentally relevant concentrations of 17a-ethinylestradiol (EE2; 5 and 25 ng EE2/L) led to growth impairment and feminization and altered Igf1 expression not only in liver but also in gonads [63] . The response patterns in the gonads were different from those in the liver, where in both sexes a longterm downregulation was achieved after an initial upregulation of igf1 mRNA. In the gonads, however, a gender-specific response to EE2 exposure was observed, possibly due to the physiological autocrine/paracrine functions of estrogen in the gonads. In testis, the igf1 gene showed a significant but transitory downregulation that disappeared or turned into an upregulation with prolonged exposure, while after short-term treatment of adult male tilapia with 5 lg E2/g body weight, there was no change in testicular igf1 and igf2 mRNA [64] . In the ovaries of the exposed fish, however, igf1 mRNA levels increased with exposure time [63] . In contrast, a short note on sea bream reports that treatment with 3.5 lg E2 per animal during the prereproductive period decreased ovarian igf1 mRNA while having no clear effect on igf2 mRNA [48] . The discrepancies may be due to the different modes and periods of application.
As outlined above, Igf1 most likely plays a role in spermatogenesis and oocyte proliferation and maturation that may be exerted by interacting with steroid hormones, such as estrogens. In tilapia, EE2 changed the normal expression patterns of Igf1 during gonad ontogeny. It thus has the potential to lead to harmful consequences or may be involved in the feminization effect obtained by the experimental treatment [63] . Whether environmental estrogens also affect the gonad Igf2 system still remains to be clarified.
